In this paper the application of induction coil sensor, inserted into a mechanical rotational magnetic field of the rotational permanent magnet for the rotational speed measurements has been proposed and described. The sensor is simple, low-cost, and applicable for machine shafts speed measurements (spatially available and unavailable). On the shaft, whose rotational speed is measured, the rotational permanent magnet is fixed. From measured frequency value of induced voltage in the coil sensor the rotational speed value is given using PC with adequate software, interface for the analogue signal conditioning and AD converter. The rotational speed dependence on the induction coil sensor distance from the rotational permanent magnet has been given. The induced voltage dependence on the coil distance from the magnet has been obtained as well. The maximum distance for precise measurements of rotational speed has been determined from those relations.
Introduction
I NDUCTION coil sensors are widely used. Their important advantages are: simplicity in operation and design, wide frequency bandwidth and large dynamics [1] [2] [3] . Special coil sensors kinds are [1] : Rogowski coil (current sensors and sensors used in the magnetic properties of materials measurements), gradient sensors, vibrating coil sensors, tangential field sensors, needle sensors and magnetic antennae (for the detection of metal objects). The induction coil sensor can be manufactured directly by the user and it is very simple, low-cost and precise. In this paper one novel application of induction coil sensor is proposed. It is the application for user-friendly rotational speed measurements of the motor driven system shafts. The rotational permanent magnet is fixed on the shaft and generates a mechanical rotational magnetic field. The induction coil sensor is fixed on a certain distance from the magnet in its rotational magnetic field. The induced voltage in a coil has a frequency proportional to the rotational speed. The frequency measurements are carried out by the system consisted of the interface for the analogue signal (induced voltage) conditioning, AD converter and PC with adequate software. From measured frequency value of induced voltage the rotational speed value is given. The frequency measurement accuracy is high and equal to the hardware module accuracy (0.024%) and conditioner accuracy (0.03%) [4] . Ferromagnetic core coil has higher sensitivity than air coil [1] , but, the simpler, low-cost and very efficient air coil sensor for the rotational speed measurements, has been proposed and applied in this work.
The precise rotational speed measurements by well established methods are often difficult to achieve, mainly because of the spatial unavailability of the industry shafts [5] [6] [7] . Application of induction coil sensor with rotational permanent magnet [5, 8] and system consisted of PC with hardware modules for the data acquisition, measurement, process control and graphic presentation enable this measurement. This method is also applicable for the indirect measurements of other mechanic characteristics given as a rotational speed functions [5, [8] [9] [10] .
Sensor structure and basic operating principle
The permanent magnet used for rotational speed measurements with the magnetic flux density of 0.1 T, is fixed at the available place on the machine shaft. Air coil sensor is fixed close to the rotational permanent magnet (figure 1). Design of the air coil sensor (figure 1) is in accordance with the design recommended in [1, 11] . The voltage V will be induced in an induction coil as a result of the fundamental Faradays induction law [1] :
where Φ is the magnetic flux passing through a coil having an area A and a number of turns N, B is the magnetic flux density H is the magnetic field strength and µ 0 is the core (air) permeability. The mechanical rotational magnetic field frequency can be expressed by known formula: where f mech is the rotational magnetic field frequency, n is the machine shaft rotational speed (rotational speed of the rotational magnetic field), and p m is a poles pairs number of the rotational magnet, that is p m = 1. The rotational speed n can be expressed from (2):
The induced voltage frequency f in a coil is equal to the frequency f mech ( f = f mech ), thus equation (3) can be rewritten in a form:
From the equation (4) follows that rotational speed n value can be determined after the induced voltage frequency f is obtained. In this work, the value of f (and consequently, the value of n) is obtained in the following manner.
The actual values of induced voltages are measured by hardware consisted of PC, AD converter and external interface for the analogue signal conditioning [4] . The induced voltage wave-form in a coil, has been sinusoidal in this work (figure 2), however can be distorted in general. The software measurement platform is the LabVIEW R package, which is regarded as a high standard software platform in the area of modern virtual instruments. By further processing, e.g. by application of the MATLAB R program, the obtained time dependent voltage function is transformed in terms of the harmonics of Fourier order. The obtained harmonics are processed in the MATLAB R program, to calculate: the effective values of induced voltage V , period T and a frequency f of the dominant harmonic. These values are determined from the formulas:
where V 1 , V 2 , . . ., V k are effective values of voltage harmonics, k is a number of harmonics.
Experimental results
The rotational speed measurements have been carried out on a three-speed electric motor of type MVU 10B -8/6/4T, "Rade Koncar", with nameplate data: 700/1000/1410 rpm, 380 V, 40/100/120 W, 50 Hz. The measurements have been done by the procedure described in a chapter 2. The measurements have been performed for several different induction coil distances from the rotational magnet, where two cases have been considered: (i) the induction coil axis matches the shaft axis; (ii) the induction coil axis is perpendicular to the shaft axis. 
where N is a number of induction coil turns.
The obtained values of Φ can be used to calculate corresponding values of the magnetic flux density by using the well-known relation:
Twenty measurements have been performed for every measured distance and average values of effective voltages, frequencies, magnetic fluxes and magnetic flux densities have been calculated. The dependencies of average values obtained for V and n on the distance have been presented on graphs in figure 3 and figure 4 . The graphs Φ(l c ) and B(l c ) have the same shape as the graph V (l c ) because of their proportionality and they are not shown in this paper.
It can be seen, from V (l c ) is best approximated by using the function of the exponential type ( Figure 3) :
where the values of parameters C and A for measured speeds of the shaft (curves 1,2 and 3 of Figure 3 ) are given in Table 1 . Figure 3 (and values of C and A in Table 1) shows that the induced voltage effective values are higher in a case when the induction coil axis matches the shaft axis than in a case when the induction coil axis is perpendicular to the shaft axis, due to the higher flux values for the coil position in a first case. However, induction voltage decreases faster with lc values in a first case, rather than in a second case.
From Figure 4 it can be observed that the coil distances for the rotational speed values n are not scattered significantly (the deviation is in The obtained dependencies can be used for the further processing and for obtaining other mechanical parameters as torque and the machine efficiency [5, 7, 9, 10] .
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Conclusions
Rotational speed measuring method, proposed in this work, offers high accuracy results. Measuring system contains: the rotational permanent magnet fixed at the machine shaft, induction coil sensor inserted into the magnetic field of the rotational magnet, where the voltage of adequate frequency is induced, hardware consisted of PC, AD converter and external interface for the analogue signal conditioning. The software platform for measurements is the LabVIEW R package. The limited distances of induction coil from the rotational magnet for accurate measured value of rotational speed have been given. The position when the induction coil axis is perpendicular to the shaft axis has advantage in comparison to the position when the induction coil axis matches the shaft axis, because of the larger limited distances. This new application of induction coil sensor for rotational speed measurement is very suitable for user-friendly rotational speed measurements of spatially unavailable shafts.
